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Introduction

Fig. Photographs of culture dish containing 
MC3T3-E1 cultivated with PEP·Na for 4 weeks 
and assessed by Alizarin red staining.
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Bone diseases such as osteoporosis and
osteolysis involving hyperactivity in osteoclasts
have significant physical, emotional, and
financial consequences. Many potential drugs
are effective in treating diseases but result in
side effects preventing their efficacy in the
clinic.
The motivation of this study is to emerge

polymer therapeutics for bone treatment. The
viability and function of human osteoclasts and
murine osteoblast precursors in contact with
poly(ethylene sodium phosphate) (PEP·Na)
were investigated. Moreover, we determined
the biodistribution of PEP·Na after
intravascular injection
to understand the bone
affinity of PEP·Na.

In the present study, we evaluated the effects of PEP·Na on
bone cell viability and activity. PEP·Na exhibited excellent
short-term biocompatibility with osteoblasts. In contrast,
selective inhibition of osteoclast adhesion and function was
observed following cultivation with PEP·Na. Moreover, we
have demonstrated that PEP·Na shows good affinity for
bone in vivo. Due to the molecular diversity of
polyphosphoesters, various types of polymeric prodrugs for
bone disease treatment can be designed based on PEP·Na.
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Fig. (A) ROI analysis of fluorescence signals from the spine. �: Cy5-PEP·Na; �: Cy5-Az; The broken line represents the fluorescent
level before injection. (B) In vivo fluorescence imaging of ICR mice at 0, 3, 30, and 75 h after intravenous injection of Cy5-PEP·Na
and Cy5-Az. *p < 0.005 at each time point.
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PMP or PEP·Na

• Mineralization
(Alizarin-Red Staining test *2)

• Cell proliferation
• ALP secretion*1

(ELISA)

MEM-α + 10%FBS
[Glycerophosphate disodium salt ]= 10 mM
[Ascorbic acid]= 50 µg/mL

Culture dish

*1 ALP: Alkaline phosphatase, a reliable marker of osteoblast differentiation
*2 Alizarin-Red staining is used to detect calcium deposits generated 

from differentiated osteoblasts.

• Gene expression
(RT-PCR*3)

*3 RT-PCR: Determination of Osteoblastic gene markers  
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Fig.  1.  Synthetic  route  of  PMP  and  PEP  •  Na.  

addition,  PEP  •  Na  shows  lower  interaction  with  coagulation-related  

thrombin  compared  to  physiological  polyphosphate  (polyP)  [31]  .  

Therefore,  PEP  •  Na  is  a  promising  candidate  for  osteotropic  drug  

delivery  [  31  ,  33  ].  

Interestingly,  PPEs  affect  osteoclast  [34]  and  osteoblast  [  14  ,  34–37  ]  

viability.  For  example,  PEP  •  Na  inhibits  bone  absorption  of  osteoclasts  

derived  from  human  peripheral  blood  monocytes  [34]  .  In  contrast,  

poly(ethylene  dicalcium  phosphate)  (PEP  •  Ca  2  )  induces  osteoblast  differ-  

entiation  of  human  adipose  tissue–derived  stem  cells  [36]  .  These  physio-  

logical  effects  can  restore  the  balance  between  osteoblast  and  osteoclast  

activities  and  help  treat  osteoporosis.  However,  whether  PPE  dealkyla-  

tion  alters  the  physiological  effect  on  bone  cells  is  unclear.  

In  this  study,  to  determine  the  effects  of  polyphosphodiesters  

(PPDEs)  and  PPTEs  on  osteoblast  differentiation,  we  cultured  mouse  

osteoblastic  cells  (MC3T3-E1)  in  a  differentiation  medium  containing  

PEP  •  Na  and  poly(methyl  ethylene  phosphate)  (PMP),  as  PPDE  and  PPTE  

models,  respectively.  We  also  analyzed  alkaline  phosphatase  (ALP)  syn-  

thesis,  matrix  mineralization,  and  osteoblast-related  gene  expression.  

For  detailed  investigation,  we  microscopically  observed  cellular  inter-  

nalization  of  PPEs  and  performed  an  inhibition  assay  of  Wnt  signaling  

pathways.  

2.  Experimental  setting  

2.1.  Materials  

For  this  study,  we  purchased  cation-exchange  resin  Amberlite  IR-  

120  from  Merck  KGaA  (Darmstadt,  Germany),  1,8-diazabicyclo[5,4,0]-  

undec-7-ene  (DBU)  and  alizarin  red  S  from  Sigma-Aldrich  (St.  Louis,  

MO,  USA),  30%  trimethylamine  aqueous  solution  from  Nacalai  Tesque  

(Kyoto,  Japan),  WST-8  cell-counting  kits  and  Hoechst  33342  from  Do-  

jindo  (Kumamoto,  Japan),  and  phosphate-buffered  saline  (PBS)  from  

Nissui  Pharmaceutical  (Tokyo,  Japan).  In  addition,  we  purchased  

primers  and  reagents  for  reverse  transcription–polymerase  chain  reac-  

tion  (RT-PCR)  from  Takara  Bio  (Otsu,  Japan)  and  Thermo  Fisher  Sci-  

entific  (Tokyo,  Japan)  and  other  reagents  from  FUJIFILM  Wako  Pure  

Chemical  Corporation  (Tokyo,  Japan).  

DBU  was  distilled  before  use,  while  all  other  reagents  were  used  

without  further  purification.  

2.2.  Polymer  synthesis  

First,  we  prepared  2-methoxy-2-oxo-1,3,2-dioxaphospholane  (MP)  

and  2-(but-3-yn-1-yloxy)-2-oxo-1,3,2-dioxaphospholane  (BYP),  as  de-  

scribed  previously  [  31  ,  38  ],  distilled  them  under  reduced  pressure,  

and  stored  them  at  4  °C  under  argon.  Next,  we  prepared  PMP  and  

PEP  •  Na,  and  fluorescein-labeled  PMP  and  PEP  •  Na,  as  described  previ-  

ously  [  31  ,  38  ]  (  Fig.  1  and  Fig.  S1,  respectively).  Then  we  performed  pro-  

ton  nuclear  magnetic  resonance  (  1  H  NMR)  spectroscopy  and  gel  perme-  

ation  chromatography  to  determine  the  average  molecular  weights  and  

molecular  weight  distribution,  respectively.  

2.3.  Osteoblast  differentiation  of  MC3T3-E1  cells  

MC3T3-E1  cells  were  maintained  in  5%  CO  2  at  37  °C  in  a  basal  

medium  comprising  Minimum  Essential  Medium  alpha  (MEM-  !),  10%  

fetal  bovine  serum,  and  1%  antibiotic.  For  long-term  differentiation  and  

short-term  cultures,  MC3T3-E1  cells  were  seeded  on  48-well  plates  at  

a  density  of  1  × 10  4  cells/250  µL/well  in  basal  medium  for  2  days  un-  

til  confluence;  then,  we  added  250  µL  of  differentiation  medium  con-  

taining  100  µg/mL  of  L-ascorbic  acid  and  20  mM  "-glycerophosphate  

(  "-GP).  Next,  we  added  55.5  µL  of  polymer/PBS  solution  to  achieve  a  

final  concentration  ranging  from  0.0005  to  5  mg/mL.  PBS  was  used  as  

an  additive-free  negative  control.  Once  every  3  days,  we  replaced  300  

µL/well  of  the  medium  with  fresh  differentiation  medium  containing  

50  µg/mL  of  L-ascorbic  acid,  10  mM  "-GP,  and  the  required  amount  of  

polymers.  

For  the  inhibition  assay,  we  cultured  MC3T3-E1  cells  in  a  differenti-  

ation  medium  containing  3  µM  IWR-1  [39]  .  

2.4.  ALP  assay  

On  days  7,  14,  21,  and  28  of  the  differentiation  culture,  we  rinsed  

MC3T3-E1  cells  twice  with  PBS  and  lysed  them  in  300  µL/well  of  a  lysis  

buffer  comprising  10  mM  Tris-HCl  (pH  7.4),  0.5  mM  MgCl  2  ,  and  0.1%  

Triton  X-100.  Next,  the  cells  were  sonicated  for  5  min  and  then  incu-  

bated  for  30  min  on  ice.  After  centrifugation  at  10,000  × g  for  20  min  

at  4  °C,  we  measured  the  amount  of  ALP  and  DNA  in  the  supernatant  

using  LabAssay  ALP  (FUJIFILM  Wako  Pure  Chemical  Corporation,  Os-  

aka,  Japan)  and  QuantiFluor  ONE  dsDNA  System  (Promega,  Madison,  

WI,  USA),  respectively,  according  to  the  manufacturers’  instructions.  In  

addition,  the  relative  ALP  activity  was  normalized  with  respect  to  the  

amount  of  DNA.  

2.5.  Alizarin  red  S  staining  

On  day  28  of  the  differentiation  culture,  we  evaluated  the  mineral  

deposition  of  MC3T3-E1  cells  using  alizarin  red  S  staining.  Briefly,  the  

cells  were  rinsed  thrice  with  PBS  and  then  fixed  in  4%  formalin  neutral  

buffer  solution  (pH  7.2)  for  30  min  at  room  temperature.  The  cells  were  

then  rinsed  thrice  with  water,  stained  with  500  µL/well  of  1%  alizarin  

red  S  aqueous  solution  for  5  min  at  room  temperature,  and  again  washed  

five  times  with  water.  

Next,  we  quantitatively  assessed  the  intensity  of  alizarin  red  S  using  

absorbance  spectrometry.  Briefly,  MC3T3-E1  cells  were  transferred  to  

200  #L/well  of  10%  acetate  aqueous  solution  to  desorb  the  adsorbed  

alizarin  red  S.  Then  100  µL  of  solutions  was  collected  in  a  96-well  titer  

plate,  and  absorbance  was  measured  at  a  wavelength  of  450  nm  using  a  

plate  spectrophotometer  (SH-9000;  Corona  Electric  Co.,  Ibaraki,  Japan).  

2.6.  PCR  analysis  

First,  we  extracted  total  messenger  RNA  (mRNA)  from  MC3T3-E1  

cells  cultured  in  contact  with  each  polymer  using  NucleoSpin  RNA  

(MACHEREY-NAGEL  GmbH,  Düren,  Germany)  and  synthesized  comple-  

mentary  DNA  (cDNA)  using  X5  Primer  Script  RT  MasterMix  (Takara  Bio)  

according  to  the  manufacturers’  instructions.  Next,  we  evaluated  the  ex-  

pression  levels  of  representative  differentiation  markers  and  transcrip-  

tion  factors  in  osteoblast  differentiation  by  real-time  PCR  using  TaKaRa  

PCR  Thermal  Cycler  Dice  (Takara  Bio)  and  TB  Green  Primer  Ex  Taq  II  

(Takara  Bio)  according  to  the  manufacturer’s  instructions.  Table  S1  lists  

the  primers  used  in  this  study.  

2.7.  Intracellular  transportation  

First,  we  cultured  preconfluent  MC3T3-E1  cells  on  a  35  mm  

glass-base  dish  in  a  differentiation  medium  containing  1.0  mg/mL  of  

Proposed advantages of PPEs
• Structural mimetics of a nucleic acid backbone
• Biodegradability
• Mineral resource
• Strong affinity for calcium phosphate
• Extensive functionalization capacity

(Bioconjugation, Labelling, Ligand/Drug-immobilization)
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Fig. Gene expression of MC3T3-E1 cells cultured in contact with 0.5 mg/mL PPEs. [Polymer]=0.5 mg/mL
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Fig. Proliferation of MC3T3-E1 cells in 
contact with varied concentration of PPEs.  

Fig. Amount of ALP secreted from MC3T3-E1 
cells cultured in media containing varied 
concentration of PPEs.
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